The incorporation of rhodamine dyes in the cell wall of diatoms Coscinodiscus granii and Coscinodiscus wailesii for the production of luminescent hybrid nanostructures is investigated. By systematic variation of the substitution pattern of the rhodamine core, we found that carbonic acids are considerably better suited than esters because of their physiological compatibility. The amino substitution pattern that controls the optical properties of the chromophore has no critical influence on dye uptake and incorporation, thus a variety of biocomposites with different emission maxima can be prepared. Applications in biomineralization studies as well as in materials science are envisioned.
INTRODUCTION
Diatoms (Bacillariophyta) have been fascinating the scientific community owing to their intricate cell wall with pores arranged in various patterns-up to highly ordered periodic structures in the micrometre-and submicrometre range for some species. As biochemical investigations show, the material consists not only of hydrated silica but also has an organic component of polyamines and silaffine proteins, the composition of which strongly depends on the species that is considered [1, 2] . Recently, even the presence of ultraviolet light-absorbing mycosporine-like amino acids was detected [3] .
The mesoscopic architecture of the cell wall (frustule) attracted much interest in materials science and nanotechnology [4] . Recent examples include in addition to the classical application in filter technology, specific surface functionalization [5] and transformation of the structure into other material systems by templating techniques [6] . Optical properties of the cell wall, their biological function and possible applications have been discussed [7, 8] . We demonstrated that the cell wall can be regarded from an optical point of view as a photonic crystal slab wave guide since in the thin wave guiding layer, a regular periodic pattern of high and low effective refractive index is defined by the pore array [9] . Such photonic crystals generally exhibit optical resonances at certain frequencies that can be used for wave coupling or stimulated emission. In species of the genus Coscinodiscus, different patterns with distinct optical properties can be found (figure 1): the valve exhibits a hexagonal pore array with micrometre periodicity, whereas the girdle is characterized by a square pattern of 250-300 nm periodicity that has resonances in the optical frequency range [9] . The extent to which this general property of being a 'biological photonic crystal' has an influence on the diatom photobiology is an open speculation. Interestingly, the chloroplasts especially of the species with the most regular arrays (order Centrales) are located directly next to the cell wall; thus, wave guiding effects may play a role.
In order to address the question of photonic properties of the cell wall, tools are needed to measure light confinement effects within the cell wall for a broad spectral range. For this task, fluorescent dyes are a possible solution. In addition to the covalent attachment of dyes at isolated cell walls via silicon chemistry, we apply the method of in vivo fluorochromation with laser dyes as probe molecules for the optical modes [10] . Such fluorescent markers have been used for monitoring biomineralization processes by staining the siliceous cell wall. Dyes that have been reported as suitable for that purpose are Rhodamine 123 [11] , the oxazole dye PDMPO (or LysoSensor Yellow/ Blue DND-160, Invitrogen) [12] , the benzoxadiazole dye HCK-123 [13] and two oxadiazole dyes [14] .
This report contains a systematic study on the application of rhodamine laser dyes with the twofold aim of increasing the palette of dyes adaptable for certain spectral ranges and establishing a structure -property relationship between the chemical substitution pattern of the rhodamine core and the accumulation of the dyes in the cell wall. All investigated dyes are capable of stimulated emission in solution because of their high fluorescence quantum yield with low reabsorption; thus, they are highly suitable for the investigation of photonic confinement effects.
EXPERIMENTAL
The diatom species Coscinodiscus granii and Coscinodiscus wailesii were cultivated in semi-artificial sea water medium in batch culture. Both cultures were derived from strains maintained at the University of Regensburg collected from the North Sea (Germany). Details of the cultivation conditions can be found in the electronic supplementary material. Unless otherwise stated, staining was performed by the addition of a 10 mM solution of the dye in dimethylsulphoxide (DMSO; p.a. 99.5%) to the culture medium in order to obtain a concentration of 1 mM.
Twelve rhodamine (Rh) dyes with systematically varied substitution patterns were investigated. The rhodamine core is characterized by two main functionalities: the 3,6-diamino substituents at the xanthene moiety and the 2-carboxy function at the phenyl ring. In order to investigate the influence of the amine, a primary amine (Rh 110), a secondary amine (Rh 19), a tertiary amine (Rh B) and an amine with julolidine bridging (Rh 101) was chosen (figure 2). In order to investigate the influence of the carboxy function, the free carboxylic acids were compared with the corresponding methyl esters (denoted as Rh 110-M, Rh 19-M, Rh B-M, Rh 101-M) and ethyl esters (Rh 110-E, Rh 19-E, Rh B-E, Rh 101-E). Rh 110-M is a synonym of the above-mentioned Rh 123, and Rh 19-E is commonly known as the widely applied laser dye Rhodamine 6G. The synthesis of the methyl and ethyl esters from the corresponding acid compounds follows the procedure given by Ramos et al. [15] . A comprehensive table of the investigated dyes can be found in the electronic supplementary material.
Stained frustules were treated with hot 0.1 M Na-EDTA -2 per cent sodium dodecylsulphate solution in order to remove the majority of the organic components of the cell wall. Fluorescence spectra were recorded with a Hitachi F-4500 fluorescence spectrophotometer. Microscopic images were taken with an Olympus IX70þIX-FLA epifluorescence microscope equipped with a mercury lamp as the light source and U-MWU2, U-MNB2 and U-MNG2 filter modules for ultraviolet, blue and green excitation, respectively. The microscope was connected to an Ocean Optics S2000 fibre-optics spectrometer that allowed the recording of spatially resolved local emission spectra. Confocal laser scanning microscope images were recorded using a Leica TCS SP system with excitation at 488 and 543 nm. Prior to microscopical investigation of living cells, the cells were rinsed with fresh sea water medium to minimize the fluorescence background.
Scanning electron microscopy investigations were performed using a Hitachi S-4000 system at an accelerating voltage of 10 kV after coating the samples with platinum.
RESULTS AND DISCUSSION
To investigate the possibility of producing a functional biocomposite material containing laser dyes as one of its constituents, an exposure time of several hours to days is needed. Although in most in vivo-fluorochromation procedures, exposure to dyes is usually restricted to several minutes, we followed the uptake for many generations in non-synchronized cultures. In this sense, fluorochromation with a dye is said to be successful if the cells do not receive significant physiological damage that prevents cell division even during prolonged exposure, and if the dye was incorporated into both thecae (the halves of the Petri-dish-like shaped cell wall), which demonstrates successful incorporation over at least two generations as in every division step a new hypotheca (lower half) is formed. Depending on the growth conditions, exposure times of several hours to days were applied. The maximum exposure time tested in this work was eight weeks, after which the cultures were still capable of reproduction.
Variation of the amino function in rhodamine stains
All rhodamines used are water-soluble, chemically stable and exhibit low photobleaching rates and high quantum yields [16] . The absorption and fluorescence behaviour of a rhodamine are primarily dependent on the size and character of the amino substituents at the xanthene core. The higher the alkylation of the amino groups the less is the influence of solvent polarity and temperature on the fluorescence of the rhodamine. A rigidization of the dye molecule by incorporation of the julolidine ring structure leads to a further decrease in rotational activation of the excited dye molecules and increases the fluorescence quantum yield. The quantum yield of Rh 101 in solution is virtually 100 per cent, independent on temperature. The additional alkyl substitution at the xanthene chromophore of Rh 19 and Rh 101 has no influence on the spectroscopic properties [16] . Absorption and emission maxima of the dyes are given in table 1. In the following, only the dyes with free carboxylic groups (Rh 110, Rh 19, Rh B, Rh 101) are discussed, whereas the esters will be discussed in §3.2. Microscopical analysis of the diatom cells showed that incubation with the above-mentioned rhodamine dyes does not lead to visible morphological alterations of the cell frustules. Incubation led to fluorescent cell wall structures within 1 -3 days (figure 3). Dense cell wall structures that consist of a high amount of silica per area showed a more intense fluorescence when compared to structures with lower silica content per area. No morphological aberrations of the cell wall structures were observable. Even after incubation time of eight weeks, as tested in the case of Rh 110, cells were vital and capable of division, leading to fluorescent cell walls. If in vivo-fluorochromated cells were washed in dye-free medium (twice for 5 -10 min, until the cells were sedimented), then most of the fluorescence of the inner part of the cell was lost. Some structures retain the rhodamine dyes longer than others, but a very tight bonding of the dye exists only at the cell walls. After isolation of the cell walls from the living cell, they still showed a bright fluorescence.
For the two Coscinodiscus species investigated, all four rhodamine dyes (Rh 110, Rh 19, Rh B, Rh 101) were incorporated successfully. Rh B has been tested as a stain before, but contradictory results on the Staining diatoms with rhodamine dyes M. Kucki and T. Fuhrmann-Lieker 729 incorporation into plant cells are reported. Höfler [17] reported on harmful effects on Biddulphia, whereas Weber found no damage in the higher plant Helodea [18] . We found that in the case of Coscinodiscus, the cells remained vital, as with the three other stains. Emission spectra were taken from living cells after removal of excess dye by rinsing as well as from isolated frustules. As reference background, the fluorescence emission of unstained frustules was measured. A weak but clearly detectable broad autofluorescence emission band with maximum at 470 nm in the case of C. granii (figure 4) was measured. Interestingly, visible fluorescence was reported for diatoms before, but in some cases with other spectral characteristics [19] [20] [21] [22] [23] . The origin of this fluorescence is not clear but can in principle either arise from the organic matrix that may contain heterocyclic moieties [3] or from surface states in mesoporous silica [24, 25] .
The emission of stained frustules is much more pronounced and is characterized by structure-less emission bands in the green to red spectral regions (figure 5). After isolation and purification of the frustules, this emission remained. Autofluorescence is still visible, but with lower intensity, and can be seen as background in the spectra. Rh 110 exhibits a maximum at 535 nm in water which is red-shifted with respect to the emission spectrum of the unbound dye in water (522 nm) and blue-shifted with respect to the dye in DMSO (539 nm). A shift may be explained by solvent polarity or acid -base equilibria. Based on the fact that protonation of the carboxylic group generally does not lead to a band shift larger than about 3 nm [16, 26] , we conclude that the shift indicates a change of polarity in the microenvironment of the dye with respect to aqueous solution.
Similarly, the emission of Rh 19 in living cells of C. granii (546 nm) and C. wailesii (545 nm) is not as bathochromically shifted as in DMSO solution. In air, the fluorescence maximum of isolated frustules is 537 nm. Rh B emits yellow, with a maximum of 573 nm in living as well as in isolated cells. Finally, the emission of Rh 101 is in the orange -red spectral region, with a maximum of 580 nm and as additional feature a pronounced shoulder at 622 nm (figure 6). In this case, the local environment clearly influences the chromophore, as only one peak at 606 nm can be detected in DMSO solution. Interestingly, the same spectral characteristics with two emission bands can also be detected in the fluorochromation of other species such as testate amoebae for which the technique described for diatoms worked as well. Summarizing this section, rhodamines of different amino substitution patterns can be used for fluorochromation, leading to emitting diatom frustules in a wide spectral range.
Variation of the carboxylic group in rhodamine stains
The carboxyl substituent of the phenyl group has a minor influence on the location of absorption and emission bands. It is not part of the chromophore, but it locks the phenyl ring into an orthogonal position, thus decreasing rotational deactivation of excited dye molecules and increasing the quantum yield [16] . Systematic variation of the group by esterification with methanol and ethanol was performed in order to elucidate the influence of this group on the incorporation. For comparison, tests were performed for both diatom species with the standard stain concentration of 1 mM, and all samples were cultured in parallel with a reference sample free of any dye supplementation. In strong contrast to the samples with free carboxylic groups, all esters with one exception resulted in morphological alterations of the cell: alteration of the chloroplast distribution and chloroplast shape as well as detachment and shrinkage of the cytoplasm. The notable exception is the methyl ester Rh 110-M alias Rh 123 that has been previously applied as a biomineralization marker in diatoms. All other esters proved to be toxic and finally lethal within several hours to a few days, irrespective of the counter ion used for stabilizing the protonated form (chloride or perchlorate). For Rh 19-E (Rh 6G), these findings are congruent with studies on higher plant species and fungal cells [18, 27, 28] but are in contrast to experiments of Hildebrand & Palenik [29] on the pennate diatom Navicula pelliculosa.
In the staining experiments, the dyes clearly accumulated in cell compartments around the nucleus, presumably mitochondria. At several points, the cytoplasm started to detach from the cell wall and to draw back to the centre of the cell. The chloroplast changes from lobed to round as a sign of the alteration of cell physiology and forthcoming cell death [30] .
For the interpretation of the different behaviour of carboxylic acids and their corresponding esters, the molecular charge may play an important role. It is known that rhodamines with a net positive charge selectively stain mitochondria, whereas rhodamines that are net uncharged at physiological pH show no specific staining owing to the highly negative potential difference across the mitochondrial membrane [31, 32] . A prolonged stay of the rhodamine molecules inside the mitochondria can lead to inhibition of vital cell growth. This might be owing to a disturbance of the oxidative phosphorylation. A cleavage of the ester bond may occur in order to release methanol or ethanol. For zwitterionic dyes such as the carboxylic acids, the low pH of the silica deposition vesicles may change the equilibrium distribution of the dyes between the distinct cellular compartments and thus account for the preferred accumulation into the cell wall without disturbing the cell physiology.
Another effect that may contribute to the distinct behaviour are differences in phototoxicity. Gaboury [33] investigated rhodamines for their application in photodynamic therapy and reported phototoxicity for rhodamine B n-butyl ester on cell viability of K562 (chronic myelogenous leukaemia) cells, whereas Rh 123 showed no significant phototoxic effects. A dye structurally related to Rh 101 but without carbonic acid function, chloromethyl-X-rosamine, leads to apoptosis in human osteosarcoma cells as a result of phototoxicity [34] . Thus, phototoxicity has to be taken into account when using rhodamine dyes, but our results show that unsubstituted carboxylic acids can be applied safely for staining, at least with moderate light intensities.
In conclusion of this section, suitable staining dyes for the cell wall of diatoms are the rhodamines with free carboxylic acids and not their ester derivatives because of the cytotoxicity of the latter which prevents large-scale production of fluorescent frustules.
Dose-dependent fluorescence
With the aim of producing fluorescent composite nanostructures, the maximum amount of dye accumulation is interesting. In addition, toxicity is of course also a function of dose of exposition. In order to address this question, staining tests on C. wailesii were performed with different Rh 19 concentrations from 1 to 10 mM in the culture medium. At rhodamine concentrations up to 6 mM, the average peak emission intensity of comparable samples after removing excess dye scaled roughly proportional with the dye concentration. Instead of a saturation behaviour indicating maximum deposition rates, the fluorescence decreased again at concentrations larger than 6 mM (figure 7). Even at the maximum applied concentration of 10 mM and an exposure time of several days (20 days), the majority of the cells were of normal appearance (figure 8, see figure caption for details about chloroplast morphology).
Thus, fluorescence emission can be optimized by choosing an appropriate moderate concentration of 
CONCLUSION
We systematically investigated the incorporation of rhodamine dyes in diatom cell walls as 'light-emitting biological photonic crystals' and the correlation with chemical structure. Using the free acids and not the esters is the key to obtain vital self-reproducing structures. By different substitution of the amino groups, the conjugated chromophore can be changed, leading to fluorescent molecules within a wide spectral range from green to red. With these tools, the influence of the optical nanostructure on dyes can be addressed for diatoms under natural and artificial conditions (e.g. photosynthesis and stimulated emission) in further work.
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